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Abstract. The pollination ecology of Eremosparton songoricum (Litv.) Vass., a rare desert species endemic to central
Asia, was examined by a series of observational studies and manipulative experiments in two natural populations during
2007–2008. Results showed that the duration of ﬂowering lasted 21 and 23 days, respectively, in Populations A and B from
late May to late June in 2008. Anthesis of a single ﬂower often lasted for 3 days. However, if pollinators were excluded,
both the anthesis and stigma receptivity lasted 2 days longer. Mating-system experiment showed that E. songoricum was
self-compatible andpollination success relied on pollinators. Fruit set after baggingwithout emasculationwas 0.02 0.01%.
This suggested that spontaneous autogamy rarely happened. E. songoricum primarily relies on a combination of large ﬂoral
display, secretion of nectar and a yellow ‘nectar guide’on the standard to further attract pollinators,whichmaybe the result of
adaptation to a habitat with unreliable access to pollinators. A single ﬂower produced ~0.18mL and 0.50mL of nectar during
2 days in Populations A and B, respectively. The peak secretion occurred at 1300–1500 hours, which overlapped with the
climax of visitation of the effective pollinators at 1300–1400 hours. Therewere four effective pollinators in both populations,
namely Colletes popovi Nosk., Megachile terminate Morawitz, Coelioxys sp. and Bembix planifrons F.Mor. The most
frequent one, Colletes popovi Nosk., was observed pollinating many ﬂowers of the same individual plant (65.8 1.1%)
in Population A, suggesting that geitonogamous self-pollination is unavoidable. Inbreeding depression played a role during
the period from fertilisation to fruit maturation.
Introduction
The need to gather information on the basic biology of rare
species is vital to both species- and community-level
conservation efforts (Saunders and Sedonia 2006). Such
information includes knowledge of the pollination ecology.
Pollination is a fundamental aspect of plant reproduction, and
pollination byanimals is largely considered amutual relationship,
rewarding a pollinator with energy (from nectar and pollen)
and providing a plant with reproductive success (Faegri and
Van der Pijl 1980; Heinrich 1983; Gómez and Zamora 2006).
One of the fundamentals of pollination ecology is that the
most attractive plants will have greater potential male and/or
female reproductive success (via increased pollinator visits)
(Zimmerman 1988; Eckhart 1991; Oldroyd et al. 1997).
Therefore, selection should favour plant and ﬂoral traits that
attract the most efﬁcient pollinators (Gómez and Zamora
2006). Many studies have found that a large ﬂoral display
(Eckhart 1991; Kunin 1997; Mitchell et al. 2004) and
abundant nectar production (Dreisig 1995; Klinkhamer et al.
2001) are the most effective means of attracting pollinators.
Floral characteristics such as morphology and ﬂower colour
have also been interpreted as adaptive traits that evolved
through selective pressures generated by pollinators (Silva-
Montellano and Eguiarte 2003).
It is clear from some reviews (Burd 1994; Larson and Barrett
2000) that the majority of plants, at least at times, exhibit
pollination failure, suggesting that the pollination environment
is highly variable (Wilcock and Neiland 2002). Sand dunes are
typical examples of stressful environments that provide an
unstable pollination environment because of the unpredictable
weather conditions. For example, strong or gusty winds appear
to have a negative impact on pollinator activity (Saunders and
Sedonia 2006). To realise reproductive success, a series of
characteristics must evolve to adapt to the desert ecosystem.
The ‘mass-ﬂowering’ pattern (Ma et al. 2007), prolonged
anthesis under adverse weather condition, mimetic structure to
nectar instead of nectary (Ma et al. 2006) and opening only in
favourable weather may all be regarded as adaptive strategies to
ensure reproductive success in a desert habitat.
Eremosparton songoricum is a leaﬂess perennial clone-
forming semi-shrub (up to 1m in height) with hermaphrodite
ﬂowers (Zhang et al. 2008). It is now a rare endemic central Asian
species and is also theonly speciesof thegenus inChina (Yin et al.
2006). E. songoricum is distributed only on the severely wind-
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erodedmobile and semi-mobile sand dunes of theGurbantunggut
Desert in China (Chen et al. 1983; Zhang and Hai 2002) and on
sand dunes aroundLakeBalkash inKazakstan (Yin et al. 2006). It
is a pioneer species of sand dunes in north-western China, and
thus plays an important role in the maintenance of the stability of
desert ecosystem because of its ecological functions as a wind
break and sand stabiliser. An individual plant can produce
200–3000 ﬂowers depending on plant size (Zhang et al. 2008).
However, this species presents a lower fruit set (<16%; Zhang
et al. 2008) than most self-compatible hermaphroditic species
(e.g. 72%; Sutherland andDelph 1984) as well as a lower seed set
(<16%; Zhang et al. 2008) than most hermaphroditic species
(e.g. 50–85%; Charlesworth 1989). Moreover, the germination
rate is<3%and the seedling establishment rate is<0.1%.Severely
disturbed by human activities, the populations are now
fragmentally distributed and isolated; moreover, the population
size has been shrinking during the past decades and gene ﬂow
among populations has become increasingly difﬁcult (Zhang
et al. 2008). The low rate of sexual reproductive success and
the stressful habitat both contributed to increased concern about
the future of this rare species.
The pollination ecology of E. songoricum is of interest not
only because reproductive biology of rare plants is of special
importance (Saunders and Sedonia 2006), but also because
worldwide there have been few studies of the pollination
characteristics of species that ﬂower in adverse desert
conditions (but see Wainwright 1978; Arizaga et al. 2000;
Silva-Montellano and Eguiarte 2003; Ma et al. 2006). Current
studies of E. songoricum are few, and include investigations of
clonal diversity (Lu et al. 2007), germination characteristics
(Ma et al. 2007), distribution and bio-ecological characteristics
(Zhang et al. 2008), ﬂowering phenology (Ma et al. 2008) and
morphological plasticity (Wang et al. 2009). In the present
paper, we present a series of studies on E. songoricum in
the Gurbantunggut Desert, focussing on the examination of
the following three main objectives: (1) the pollination
characteristics of E. songoricum, (2) the mating system of
E. songoricum, and (3) the adaptations of pollination
characteristics to the desert pollination environment.
Materials and methods
Study site and species
The study was carried out in two natural populations found on
the edge of the Gurbantunggut Desert (44110–46200N and
84310–90000E) (Chen et al. 2007). The desert is situated at the
centre of the JungerBasin inXinjiangProvince,China. It covers an
area of 48800 km2, and is the largestﬁxed and semi-ﬁxed desert in
China. The climate of the desert is temperate continental (Zhang
and Chen 2002). Mean annual evaporation is ~2606.6mm, which
is almost 33 times the mean annual precipitation (79.5mm).
The average annual temperature is 7.26C (Zhang et al. 2006).
Field investigations and laboratory experiments were conducted
between2007and2008.The twopopulations arenear thevillageof
Dure. One is situated at 463100500N, 883300400E (280m 30m,
riverside,heredesignatedPopulationA)(Fig.1a), andtheother isat
462800400N, 883300400E, ~6km away from Population A
(1200m 100m, hinterland, here designated Population B)
(Fig. 1b).
The genus Eremosparton belongs to Papilionoideae in the
Fabaceae family and presents typically papilionaceous ﬂowers.
The petals are modiﬁed into a standard, wings and keel
(Etcheverry et al. 2008). Each ﬂower has one pistil and 10
stamens; the 10 stamens are arranged in diadelphous fashion
surrounding the pistil. With regard to standard petal-opening
situation, the typical single ﬂowering process can be divided into
the following four periods: closed (Fig. 2a), slightly open
(Fig. 2b), open and perpendicular with wing petals (Fig. 2c)
and curved downwards (Fig. 2d) (Ma et al. 2008). Pollen
dehiscence is completed before the third period and stigma
receptivity exists throughout the entire ﬂowering process
(W. B. Ma, unpubl. data, 2006). With regard to its clonal
characteristics, genetic distance is strongly and positively
correlated with geographic distance within 6m (Y. Liu and
D. Y. Zhang, unpubl. data, 2009).
Observation of ﬂoral phenological traits
Flowering duration of both the population and a singleﬂowerwas
determined in both populations in 2008. The ﬁrst and the last
(a) (b)
Fig. 1. The habitat with Eremosparton songoricum in Populations A and B in 2008.
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ﬂowering dates were recorded from 25 randomly selected
individuals, and the duration of the ﬂorescence was
determined. The actual ﬂoral longevity (i.e. duration from
the day of anthesis to the day the petals wilted) and a change
in the ﬂower colour during this process were recorded from
20 randomly chosen ﬂowers under natural conditions and
from another 20 pollinator-excluded ﬂowers. Thirty ﬂowers
under natural conditions and another 50 pollinator-excluded
ﬂowers were also randomly selected on the day of anthesis,
and ﬁve stigmas were tested with a 1% solution of 2,
5-diphenyl tetrazolium bromide (MTT) in 5% sucrose every
12 h respectively. Anther dehiscence was also observed before
dissecting the stigmas. The stigma was considered receptive
when the surface turned dark purple under a dissecting
microscope; lack of colour change meant no receptivity.
Nectar secretion
Nectar secretion was quantiﬁed by bagging 140 ﬂowers at
anthesis in the morning. Nectar was evaluated by measuring
the amount of accumulated nectar with a 0.5-mm-inner-diameter
capillary micropipette. Nectars were collected every 2 h from
0900 hours to 2000 hours on the ﬁrst and the second day and each
collection had 10 replicates.
Pollinator visitation rate and foraging behaviour
Field experimentswere carriedout inbothpopulations to examine
the foraging behaviour and pollinator visitation rate. The effects
of different ﬂoral-display sizes on pollinator attraction were
also evaluated. In light of the leaﬂess morphology and small
single-ﬂower size ofE. songoricum, the entire shrubwas taken as
the observation unit to record the total number of visits. The
number of visits could be easily observed from a distance of
~3m (considering only those visitors that effectively contact
anthers and/or stigmas), which was quantiﬁed for three
individuals between 12 June and 15 June in Population A and
from 17 June to 19 June in Population B, from 0800 hours to
2000 hours. The three individuals had a descending trend in their
ﬂoral-display sizes. To estimate the number of ﬂowers available
to pollinators, the colour ofﬂowerswas recordedduring eachvisit
in Population A in 2008. The number of available ﬂowers was
counted, and the daily ﬂoral-display size was noted after each
observation day. For each visit, plant species’ visitors and their
foraging behaviour were also recorded. The daily visitation
frequency was calculated as follows: number of daily
pollinator visits per plant/daily ﬂoral display size of plant. The
mean temperature and wind speed were also recorded every hour
with a KAZ-8901 anemometer.
Insects were captured for examination of pollen types with
fuchsin gel (Liu and Koptur 2003). The gel is applied to the
insect’s body and melted onto a slide for examination under an
optical microscope at 100 magniﬁcation. The pollinators that
carried E. songoricum pollen and contacted anthers and/or
stigmas in the wild were considered to be effective pollinators.
At least ﬁve individuals of each pollinator species were collected
for later identiﬁcation at Xinjiang University.
After establishing the effective pollinator species of
E. songoricum, the most frequent and effective pollinator was
followed, and its visits within and among plant individuals in
Population A were recorded in 2008, for a total of 30 replicates.
This was done to examine the major pollination mode of
E. songoricum.
Mating system
To examine the effect of pollen source on fruit-set levels, and to
investigate the importance of pollinators on the fruit set, the
mating system of E. songoricum in Population A was studied
in 2007. Five controlled hand-pollination experiments were
performed. For each experiment, three ﬂowers growing in the
same position were chosen from each of the 10 individuals, for a
total of three replicates. Five treatmentswere designed as follows:
(1) self-pollination, in which bagged ﬂowers were hand-
pollinated with their own pollen; (2) geitonogamy, in which
emasculated ﬂowers were hand-pollinated with pollen from the
same individual or the same clone; (3) outcross pollination, in
which emasculated ﬂowers were pollinated with pollen from
another plant at least 20m away; (4) spontaneous self-
pollination, in which buds were bagged throughout their
ﬂowering period without emasculation; and (5) apomixis, in
which buds were immediately bagged after emasculation. The
stigmawas rubbedwith a brush; all emasculation treatments were
conducted before anther dehiscence. Natural pollination was
performed on 1453 ﬂowers from 10 randomly chosen plants.
Fruit set was calculated as the percentage of fruits in relation to
the total number of ﬂowers produced, which was calculated at
(d )(a) (b) (c)
Fig. 2. The different ﬂowering phases of a single ﬂower according to the standard petal-opening situation in 2008.
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Phase I when the fruit was beginning expansion with embryo
(fertilisation) and also at Phase II when the fruit was completely
mature.
Data analysis
All analyses were performed by using SPSS 17.0 software. Data
were represented by mean s.e. Tukey–HSD methods of one-
way ANOVA were performed to compare the visitation
frequency among individuals with different ﬂoral-display
sizes, and fruit set among different artiﬁcial pollination
treatments. Other variations were compared by independent-
sample t-test. Data normality was comprehensively considered
by using Kolmogorov–Smimov and Shapiro–Wilk index. The
Levene test was used to test the homogeneity of variances.
Results and discussion
Floral phenological traits and nectar secretion
Flowering of the population lasted 21 days in Population A and
23 days in Population B, extending from late May to late June.
Flowering was acropetally sequential, starting with the basal
ﬂowers on the lowest raceme. Under natural conditions, ﬂoral
longevity and stigma receptivity lasted3days inbothpopulations,
with the ﬂowers being red on the ﬁrst day, purple on the second,
light purple and then pale on the third day. Therewas also a bright
yellow spot in the radial pattern, exposed at the inner part of the
standard, representing a ‘nectar guide’. Zhang (2004) considered
that bees can seepurple andyellow rather than red, and this yellow
spot is beneﬁcial for pollinator attraction as a compensation
for the ‘invalid’ colour red. When pollinators were excluded,
the anthesis of a single ﬂower could be prolonged up to 5 days,
with the ﬂower being purple 2 days longer; stigma receptivity
also lasted 2 days longer. Pollen dehiscence ﬁnished before the
third period of ﬂowering (Fig. 2c) in both natural and pollinator-
excluded conditions. Some researchers (Primack 1985; Ashman
and Schoen 1994; Schoen and Ashman 1995; Bingham and
Orthner 1998) considered that ﬂoral longevity could ensure
successful pollination in habitats where pollinators are sparse
or uncertain. Because the weather varies greatly during the
ﬂorescence in the desert, pollinator foraging behaviour is
unstable (Ma et al. 2006). Therefore, a prolonged anthesis and
stigma receptivity under pollinator exclusion can be seen as a trait
adaptive to the unstable pollination conditions encountered by
E. songoricum.
Nectar was secreted from the base of the ovary and this began
only after anthesis from 1100 hours to 1300 hours and stopped at
1900–2000 hours. Nectar production lasted for 2 days, with an
approximate volume of 0.12mL and 0.06mL, respectively, on the
ﬁrst and second day in Population A (Fig. 3a) and 0.35mL and
0.15mL, respectively, on the ﬁrst and second day in Population B
(Fig. 3b). The peak nectar secretion occurred for both at
1300–1500 hours (Fig. 3a, b). Less nectar was secreted on the
second day of anthesis than on the ﬁrst day in both populations.
However, the ﬂowers turned ‘valid’ colour purple on the
second day of anthesis, which was consistent with the results
of Weiss (1991), who found that retention of older ﬂowers
increased a plant’s attractiveness to pollinators from a
distance. This change in the ﬂower colour compensates for
less nectar, to attract pollinators more effectively.
The sand-blowing winds in Gurbantunggut Desert mostly
occur from April to June (Wang et al. 2003), and opportunities
for outcrossing by ﬂying insects might be limited during that
period (Lloyd and Schoen 1992). The nectar, ‘nectar guide’,
legitimate ﬂower-colour change and prolonged anthesis and
stigma receptivity without pollination appear to be the
adaptive characters that further attract pollinators in a desert
habitat in which pollinators are unreliable.
Pollinator visitation rate and foraging behaviour
Eremosparton songoricum was pollinated exclusively by bees.
The effective pollinators in both populations were Colletes
popovi Nosk., Megachile terminate Morawitz, Coelioxys sp.
and Bembix planifrons F. Mor. These all used their mid-legs
and rear-legs to grasp the projecting part of thewing, then opened
the keel with their forelegs to introduce the proboscis along the
‘nectar guide’ on the standard to obtain nectar. At the same time,
the chest and forelegs contacted the surface of the exposed anther
and stigma to complete the pollen transfer. They all carried pollen
on most parts of their bodies. During the course of the present
study, the keel remained folded andwas opened only by action of
the visitors. The weather factors limiting pollination in deserts
primarily included winds and extreme temperatures. Strong
winds and high temperature may cause drying of the stigmatic
surface andﬂash evaporation of the nectar (Ma et al. 2006),which
would result in less effective pollination or pollen germination.
The folded keel protects the stigma against occasional rain, strong
winds and high temperatures, and also effectively helps reduce
evaporation,which is advantageous for the unpredictableweather
condition in desert habitats.
The pollinators discriminated between ﬂower-colour phases.
They inserted their proboscis into red and purple opening ﬂowers
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Fig. 3. Variation pattern in time series of nectar production (mean + s.e.) at
2-h intervals in Populations A and B in 2008.
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for nectar, which accounted for 69.0 2.2% and 29.7 2.8% of
the entire foraging activities. They also used their forelegs and
mid-legs to collect pollen from closed ﬂowers, which accounted
for 1.3 0.7% of the entire foraging activities. These
observations indicated that both pollen and nectar are rewards,
but that pollinators prefer nectar to pollen. This ﬁnding was
consistent with the research by Wang et al. (2005) on Alpinia
oxyphylia.
The visitation frequency had the same tendency in that the
largest ﬂoral-display size had the highest visitation frequency in
both populations (Fig. 4). Many studies have also reported that
plants with a greater number or density of ﬂowers receive more
frequent pollinator visits, often with a larger number of ﬂowers
probed (e.g. Paton 1982; Conner and Rush 1996; reviewed
by Ohashi and Yahara 2001; Leiss and Klinkhamer 2005). In
E. songoricum, pollinator attraction is considered to be dependent
on ﬂoral-display size. The peaks of visitation frequency for the
effective pollinators were 1300–1400 hours, 1600–1700 hours
and 1900–2000 hours in both Population A and Population B
(Fig. 5). There was a temporal overlap of 1 h between the climax
of visitation and the peaknectar secretion andmost of the foraging
activities occurred when the ﬂowers were secreting nectar,
which further suggests that the nectar was the main attractant
for pollinators.
Pollinators visited less frequently, or even not at all, and
ﬂowers remained closed on cloudy or rainy days. Pollinators
preferred visiting on sunny days, with air temperatures
>1617C, but were inactive when wind speed was greater
than 4.5m s–1.
Themost frequent effective pollinator in PopulationA in 2008
was C. popovi, accounting for 79.2% of all visits. In addition,
30C. popovi individuals were observed pollinatingmanyﬂowers
of the same inﬂorescence or individual plant (65.8 1.1%), with
34.1 2.1% pollinating between different ramets. Therefore,
geitonogamy is probably common in E. songoricum.
Mating system
Eremosparton songoricum exhibited a mixed mating system.
Fruit abortion inE. songoricumwas frequent, with nearly 70% of
its fruits aborted between the post-zygotic stage and fruit
maturation (Table 1). There were no fruits when the ﬂowers
were emasculated, bagged and not pollinated, which meant there
was no apomixis occurring, and few fruits when ﬂowers were not
emasculated, bagged andnot pollinated inPhase I and almost zero
fruits in Phase II, which shows that spontaneous selﬁng rarely
happened and pollination success relied on pollinators. The
pollen did not germinate until the stigmatic cuticle was
disrupted by insect tripping or by mechanical disruption
(D. Y. Zhang, unpubl. data). In our artiﬁcial geitonogamous
pollination experiment, the pollen was rubbed on the stigma
with a brush. This may be the reason why a greater fruit set
was seen on these ﬂowers than on the unmanipulated
(spontaneous selﬁng) ﬂowers. Some spontaneous autogamous
selﬁng might occur as a result of frequent windy conditions that
causeﬂowers tomove against the shrub, thereby forcing pollen to
contact the stigma. For emasculation, bagging and self-
pollination, as well as geitonogamy and outcross pollination,
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Table 1. Fruit set (mean s.e.) of Eremosparto songoricum is compared within each treatment in different phases (lower-case letters) and between
each pollination treatment (upper-case letters) in 2007
Phase I is the time when the fruit is beginning the expansion, and Phase II is the time when the fruit is completely mature; ‘N’ is the total number of manipulated
ﬂowers in each treatment. The different lower-case and upper-case letters indicate a distinct signiﬁcance at the 0.01 level
Treatment Natural pollination Spontaneous selﬁng Self-pollination Geitonogamy Outcross pollination Apomixis
Results (%) Phase I 88.61 ± 3.31a,A
(n= 1453)
8.90 ± 0.85a,B
(n= 90)
89.99 ± 1.20a,A
(n= 88)
88.56 ± 2.17a,A
(n= 89)
88.55 ± 2.52a,A
(n= 90)
0a,C
(n= 90)
Phase II 14.47 ± 1.20b,B
(n= 1453)
0.02 ± 0.01a,C
(n= 90)
12.93 ± 1.28b,B
(n= 88)
13.05 ± 0.32b,B
(n= 89)
34.10 ± 1.31b,A
(n= 90)
0a,C
(n= 90)
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the fruit set (Phase I) showed no signiﬁcant differentiation. This
indicated that E. songoricum was self-compatible. The visiting
behaviour of C. popovi in the present study indicated that
geitonogamy (visiting multiple ﬂowers on the same shrub) is
probably the most common pollination mode (65.8 1.1%).
Although the visitation rate was not very low compared with
other endangered species (e.g. 1.2 times higher (per ﬂower
per day) in Cimicifuga nanchuanensis, Qi et al. 1998), the
geitonogamy will lead to self-fertilisation and may cause
inbreeding depression in self-compatible species (Young et al.
1996; Yang et al. 2005). Pollination by self-pollen and
geitonogamous pollen exclusively decreased the fruit set
(Phase II) compared with artiﬁcial outcross pollination. The
results indicated that the inbreeding depression plays a role
during the period from fertilisation to fruit maturation, which
is also reported for another Fabaceae species (Lupinus arboreus)
(Kittelson and Maron 2000).
Consequences for conservation
Plant–pollinator relationships have been subjected to human
interference, especially for the rare species that used to be
common but became rare because of habitat fragmentation and
isolation. Wilcock and Neiland (2002) considered that when the
threshold density and/or population size is reached, below which
pollinators no longer make visits to ﬂowers, plants in small or
sparse populations cannot replace themselves andwill be exposed
to a high risk of extinction. According to the observations made
during 2004–2009, one population (10m 10m, situated at
445801300N, 882407000E) had no pollinators and only few
fruits during the entire observation period. This population
was ﬁrst located in 2004, but already disappeared 5 years later.
The ecological role of pollinators in E. songoricum (and possibly
inmany other desert species) is not only to act as amedia for basic
reproductive success, but also at a genetic level, to increase
cross-fertilisation between different individuals. We therefore
propose that toprotect this rare plant species,wildbeepopulations
and their habitats should be protected, or apiculture of effective
pollinators should be developed to protect the existing population
size of E. songoricum.
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